Primary and secondary trisomics as well as telotrisomics have been well characterized in rice morphologically and the transmission rates of extra chromosomes have been investigated. Primary trisomics have been utilized for associating genes and linkage groups with respective chromosomes. Secondary trisomics and telotrisomics were employed to associate genes with respective chromosome arms. As a result the positions of centromeres on the linkage maps could be pinpointed. Monosomic alien addition lines (MAALs) have a complete chromosome complement of Oryza sativa and a single chromosome of a wild species in genus Oryza. All the MAALs of O. officinalis and O. punctata have been produced. A partial set of MAALs of 5 other wild species of rice have also been produced. These aneuploid stocks of rice are useful not only for genetic study such as gene dosage analysis but also for rice breeding.
Introduction
Primary, secondary, telotrisomics and alien addition lines have been well characterized in rice. Primary trisomics were produced by several workers (Iwata et al. 1970 , Karibasappa 1961 , Katayama 1963 , Khush et al. 1984 , Misra et al. 1986 , Ramanujam 1937 , Sen 1965 , Watanabe and Koga 1975 . Only two series of primary trisomics, those of Kyushu University, Japan produced by N. Iwata and colleagues (Iwata et al. 1984) in Nipponbare and those of International Rice Research Institute produced by G.S. Khush and colleagues (Khush et al. 1984) in IR36 have been employed in associating linkage groups with respective chromosomes.
Monosomic alien addition lines (MAALs) are useful genetic stock to assign alien traits to specific chromosomes of wild relatives. MAALs of O. sativa having single alien chromosomes of at least seven wild rice species have been established. A complete set of MAALs of O. sativa with single chromosomes of O. officinalis was established by Shin and Katayama (1979) and Jena and Khush (1989) while that of O. punctata was identified by Yasui and Iwata (1998) . Multani et al. (1994) produced eight alien addition lines of O. australiensis and eleven alien addition lines of O. latifolia (Multani et al. 2003) while Brar and Khush (2002) identified MAALs in three other wild species. These alien addition lines are useful in transferring genes of agronomic importance from wild species to cultivated rice.
Primary Trisomics

Morphological and reproductive features
Primary trisomics differ from normal diploids in numerous characters. Trisomics for the long chromosomes are more distinct from diploids as well as from each other. They are also slower in growth. This is expected as the longer chromosomes cause more imbalance than the shorter ones. Some, such as triplo 1 (primary trisomic having chromosome 1) and triplo 8 can be distinguished at seedling stage (3-4 leaf stage). Triplo 1 seedlings have narrow, light green leaves with mottled appearance. Triplo 8 seedlings have narrow, dark green and rolled leaves. Triplo 2, triplo 3, triplo 5, triplo 6, triplo 7, triplo 9 and triplo 12 can be distinguished from their diploid sibs as well as from each other, 2-3 weeks after transplanting. Their growth rates are slower and they have distinct leaf features. At seedling stage, triplo 4, triplo 10 and triplo 11 are difficult to distinguish as their growth rates are almost normal. At flowering stage, however, triplo 4 and triplo 10 can easily be distinguished. Triplo 10 has finer foliage and stems and narrow slender grains. Triplo 4 is about 20% taller than its diploid sibs and has a somewhat spreading growth habit. It is not possible to identify triplo 11 with certainty at any growth stage. Therefore cytological examination is necessary to identify the 2n+1 plants in the progenies of triplo 11. Occasionally, triplo 11 plants may be identified by the brownish appearance of their glumes.
Trisomics for longer chromosomes (triplo 1 and triplo 3) have very low seed fertility. Triplo 1, triplo 2 and triplo 6 give very low seed set when open pollinated. Triplo 3 is completely self-sterile. The pollen fertility of triplo 3 plants is fairly good but anthers fail to dehisce. This in likelihood accounts for its complete self-sterility. This trisomics is maintained through backcrossing to the diploid sibs. The remaining trisomics produce abundant seed, although most of them have varying sterility.
Ligule length is a useful distinguishing trait of trisomics. Triplo 1, triplo 5, and triplo 8 have much reduced ligules, whereas the ligules of triplo 4, triplo 6, and triplo 12 are longer than those of diploids. The grain size and shape of each trisomic are also distinguishing characteristic. The grains of triplo 1 are slender and somewhat triangular, and the glumes do not close properly. Triplo 2, triplo 3, triplo 5 and triplo 8 have short grains. The grains of triplo 10 and triplo 12 are longer. Long awns are a constant feature of triplo 6. Some of the grains of triplo 4 and triplo 7 have small tip awns. The outstanding features of each trisomics are enumerated as below (Khush et al. 1984) .
Triplo 1 (grassy): Triplo 1 is a slow growing trisomic with reduced height and high panicle sterility. It has slender grains of somewhat triangular appearance. The tips of the lemma and palea are often open, and the kernel is partially exposed. The trisomic's narrow and pale green leaves give it a grassy appearance. It flowers much later than the diploid sibs and other trisomics.
Triplo 2 (dwarf): Plant height and tiller number of triplo 2 are reduced to 75% of the normal. This trisomic has short spikelets with longer empty glumes which are twice the length of those in the normal. The lemma and palea are sometimes open at the tips. Triplo 2 has short anthers and reduced filaments. The plants are characterized by high self sterility but produce abundant seed when crossed with a diploid. It has dark green and short leaves which are often twisted near the base and have short ligules.
Triplo 3 (sterile): Triple 3 is the shortest with reduced tiller number. It has short dark green and thick leathery leaves with prominent midribs. The panicles are incompletely exerted. Spikelets are short and cleistogamous. This trisomic is completely male sterile.
Triplo 4 (tall): Triplo 4 is taller than all of the other trisomics as well as diploid sibs. The leaves are light green and droopy with long ligules, imparting it a spreading appearance. It is a vigorous trisomic with many tillers and is fully fertile. The grains at the tips have small awns.
Triplo 5 (twisted leaf): Triplo 5 is shorter in stature. It has short twisted leaves with fine hair. The leaves appear more hairy than those of the disomics. The ligule is very short. This trisomic has short compact panicles with high fertility.
Triplo 6 (awned): The most distinguishing feature of this trisomic is the presence of awns on all grains. Grain length is reduced. This trisomic has thick, semi-rolled dark green leaves with long ligules. Plant height is reduced, and growth rate is slower. However, the tiller number is increased. It flowers earlier than diploid sibs and is highly self-sterile.
Triplo 7 (narrow leaf): This trisomic has narrow, dark green and semi-rolled leaves, which give it a characteristic appearance. The ligule is short. This trisomic is low tillering and incompletely exerted and somewhat lax panicles, which are partially fertile. Some grains have short tip awns.
Triplo 8 (rolled leaf): Triplo 8 is very slow growing at seedling stage and is easily identified because of its narrow, dark green, rolled leaves and short ligules. This trisomic has short, dense and fully exerted panicles. The grains are short and bold with partial fertility.
Triplo 9 (stout): Triplo 9 is characterized by thick, dark green leaves with thick stems that give it a stout appearance. Leaf blades are slightly folded. The plants have somewhat spreading habit. This trisomic has the largest spikelets among the trisomics and highest 100-grain weight.
Triplo 10 (long grain): Triplo 10 has fine foliage and stems at flowering stage. The leaves are erect with hairy auricles. The grains are slender and slightly longer. This trisomic is fully fertile. It can be distinguished only after flowering.
Triplo 11 (pseudo-normal): Triplo 11 is morphologically indistinguishable from the diploid sibs, although the trisomic plants in the population tend to be slightly reduced in vigor and somewhat late in flowering. It is fully fertile.
Triplo 12 (bushy): The profuse tillering habit of triplo 12 gives it bushy appearance. It has lighter green foliage, especially at booting stage. This trisomic has long slender grains and high seed fertility. Degenerated spikelets at the tips of panicles are a unique feature of triplo 12.
Transmission rates of extra chromosomes
The extra chromosomes of the trisomics transmit through the female at a fairly high rate (Table 1) . Triplo 4, triplo 6, triplo 11 and triplo 12 transmit at a high frequency. Transmission rates were lowest for triplo 1 and triplo 3, (15.5 and 17.8%). The female transmission rates reported here were calculated from the F 2 or backcross progenies of trisomics and marker genes. Thus the populations were highly heterozygous. This heterozygosity may have favored the transmission rates of the extra chromosomes. As pointed by Khush (1973) , transmission rates are affected by genetic background.
Data on the transmission rates through the male are also given in Table 1 . Progenies from the crosses of 11 trisomics (excluding triplo 3) when used as pollen parents with a diploid parent were obtained. Seven transmitted their extra chromosomes through the male. Triplo 8 and triplo 9 gave the highest transmission through the male (12.5 and 21.4%). The longer chromosomes of the complement do not transmit through the pollen, as they probably cause greater imbalance.
Genetic studies
Primary trisomics are very useful for associating genes and linkage groups with respective chromosomes. As discussed by Khush (1973) , the diploid portion of the trisomic F 2 population for a recessive gene should segregate in a ratio of 8 : 1 instead of 3 : 1, irrespective of the rates of transmission of the extra chromosome or the distance of the marker-gene from the centromere. Similarly, the diploid portion of the backcross population segregating in a trisomic fashion should give a ratio of 2 : 1 instead of 1 : 1.
Segregation of marker-genes in trisomic progenies were first studied by Omura (1975, 1976) and Iwata et al. (1984) . Khush et al. (1984) investigated segregation of 22 marker-genes in the progenies of 12 trisomics. Of the possible 264 combinations (22 genes × 12 trisomics), 120 were investigated. Trisomic segregations were observed for 18 genes and each trisomic showed a specific trisomic segregation for at least one gene. Thus the associations between 12 linkage groups and 12 trisomics were determined. Primary trisomics were also employed for associating genes with respective chromosomes by Khush (1994, 2000) .
Secondary trisomics
Secondary trisomics are useful for determining the arm location of genes and the position of the centromeres on the chromosome maps (Khush 1973) . In the secondary trisomics, the extra chromosome is an isochromosome for the one chromosome arm. Secondary trisomics in rice were investigated by Singh et al. (1996) and were employed in determining the arm locations of genes and positions of centromeres.
Origin and identification of secondary trisomics
The secondary trisomics arise spontaneously in the progenies of primary trisomics. Since in the primary trisomics, the extra chromosome is present as a univalent in many sporocytes, the misdivision of the univalent occurs at the centromere and one arm is converted into an isochromosome. When a gamete with an extra isochromosome is fertilized with an n gamete, a secondary trisomic is produced. Singh et al. (1996) isolated 15 secondary trisomics in the progenies of primary trisomics.
Secondary trisomics can be identified cytologically at pachytene stage of meiosis. The isochromosome pairs internally and stays as a univalent or pairs with the homologous arms of two normal chromosomes to form a trivalent. This trivalent appears as a ring at diakinesis. Only secondary trisomics can form ring trivalents at this stage of meiosis. Through the pachytene analysis, Singh et al. (1996) identified secondary trisomics for short and long arms of chromosome 1, short and long arms of chromosome 2, short arms of chromosomes 4 and 5, short and long arms of chromosome 6, short and long arms of chromosome 7, long arms of chromosome 8 and 9, short and long arms of chromosome 11 and short arm of chromosome 12.
Most of the secondary trisomics resemble their counterpart primary trisomics in many morphological features. Some of the features of primary trisomics are exaggerated in the secondary trisomics while some are absent. Some of the secondary trisomics have features that primary trisomics do not have. Secondary trisomic for short arm of chromosome 4 (designated as 2n+4S.4S) looks like diploid sibs and can be identified only on the basis of cytological examination.
The secondary trisomics in general have slower growth rates and lower fertility than the corresponding primary trisomics. Secondary trisomics 2n+1S.1S and 2n+1L.1L do not set seed even upon back crossing. The secondary trisomics 2n+2S.2S and 2n+2L.2L do not set any seed upon selfpollinating. Secondary trisomic 2n+7L.7L is very weak with only 10-15 spikelets per panicle, on the other hand, 2n+7S.7S has partial fertility. The secondary trisomic 2n+8L.8L is more vigorous than triplo 8 but is semi-sterile.
Transmission rates of isochromosomes
The transmission rates of the isochromosomes varied from none for 2n+1L.1L and 2n+7L.7L to 8.1% for 2n+1S.1S to 47.3% in 2n+4S.4S. These results are not unexpected. Rice is a basic diploid with limited tolerance for duplications, particularly at the gametophytic level. Gametes with extra isochromosomes for longer arms are less viable than those with extra chromosome for short arms.
As expected, related primary trisomics also appear in the progenies of secondary trisomics. The proportion varied from 1.4% in the progeny of 2n+1S.1S to 20.7% in the progeny of 2n+8L.8L. As pointed out by Khush and Rick (1969) , there is a correlation between the frequency of ring formation at diakinesis stage of meiosis in the secondary trisomics and the occurrence of related primary trisomics in their progenies; both were highest in 2n+8L.8L. Male transmission of isochromosomes was observed only in 2n+4S.4S and a few plants in its progeny were found to have two extra 4S.4S isochromosomes.
Genetic segregation in secondary trisomics
When a secondary trisomics is crossed as a female with a recessive mutant stock, one of the two normal homologues of the F 1 trisomic carries the recessive allele, while the other homologue as well as the isochromosome carries the normal alleles. In the F 2 or backcross progeny of these trisomics, the disomic portion segregates in a normal 3 : 1 or 1 : 1 fashion, and all the trisomic plants have normal phenotype. This different genetic segregation indicates that the gene under study is located on the arm that is duplicated in the trisomics. However, if the gene is not situated in the duplicated arm, the disomic as well as trisomics portions of the progeny segregate in normal disomic ratios. Genetic segregation of 19 genes belonging to six linkage groups was investigated in the progenies of six secondary trisomics. These genes were unequivocally assigned to respective chromosome arms. These data also helped to determine the centromere positions on the linkage groups and the orientation of linkage groups (Singh et al. 1996) .
Telotrisomics
Like secondary trisomics, telotrisomics are also useful for determining the arm location of genes and positions of centromeres on the chromosome map (Khush 1973) . In the telotrisomics, the extra chromosome consists of just one chromosome arm with a functional centromere. Telotrisomics in rice were investigated by Singh et al. (1996) .
Origin and identification of telotrisomics
The telotrisomics arise spontaneously in the progenies of primary trisomics. Since in the primary trisomics, the extra chromosome is present as a univalent in many sporocytes, the misdivision of the univalent occurs at the centromere. The arm with a functional centromere is included in some gametes and other arm is lost. When a gamete with a telocentric extra chromosome is fertilized with n gamete, a telotrisomic is produced. Singh et al. (1996) isolated seven telotrisomics of rice in the progenies of primary trisomics.
Telotrisomics can be identified cytologically at pachytene stage of meiosis by virtue of their association with a homologous bivalent to form a trivalent. Telotrisomics for short arms of chromosomes 9 and 10 (designated as 2n+.9S and 2n+.10S, respectively) could be easily identified at pachytene due to their association with nucleolus.
Telotrisomics for the long arms resemble corresponding primary trisomics in many morphological features, and none of them showed any exaggerated traits. The telotrisomics for the short arms, are difficult to differentiate from disomic sibs and could be identified on the basis of cytological examination. All the telotrisomics are more vigorous than the corresponding primary trisomics and secondary trisomics.
Transmission rates of telocentrics
The female transmission rates of telocentric chromosomes in the progenies of telotrisomics varied from 28.6% for .2L to 47.5% for .9S, which were higher than transmission rates of isochromosomes. Moreover, the transmission rates of telocentrics for short arms were higher than those of telocentrics for the long arms. In the progenies of 2n+.8S and 2n+.9S, about 12% and 20% of the plants respectively had two extra telocentric chromosomes, indicating high rates of transmission of these telocentrics through the male. Transmission rates of these telocentric chromosomes through male were estimated as 26% for .8S and 32% for .9S. As pointed out in an earlier section, transmission rates of triplo 8 and triplo 9 were also high through the male.
Genetic segregation in telotrisomics
When a telotrisomic is crossed as a female with a recessive mutant stock, one of the two normal homologues of the F 1 trisomic carries a recessive allele, while the other homologue as well as the telocentric chromosome carries the normal allele. In the F 2 or backcross progeny of telotrisomics, the disomic portion segregates in a normal 3 : 1 or 1 : 1 ratio, and all the trisomic plants have normal phenotype. This genetic segregation of the trisomics indicates that the gene under study is located on the arm that is extra in the telotrisomic. However, if the gene is not situated in the extra arm, the disomic as well as the trisomic portion of the progeny segregate in normal disomic ratio. Genetic segregation for 25 genes belonging to six linkage groups was investigated in the progenies of telotrisomics. These genes were unequivocally assigned to respective chromosome arms. These data also helped to determine the centromere positions on the linkage groups (Singh et al. 1996) .
Monosomic alien addition lines
The genus Oryza has two cultivated and 22 wild species. Wild species are a useful reservoir of genes for rice improvement. Wild species with AA genome have good crossability with O. sativa and their F 1 hybrids show regular pairing and recombination. The gene transfer between cultivated rice and wild species with AA genome can be achieved without much difficulty. Genes for resistance to grassy stunt, bacterial blight, tungro and tolerance to acid sulphate soils have been transferred from AA genome wild species to cultivated rice.
The more distantly related species have non-homologous genomes and are difficult to cross with cultivated rice. However, the F 1 hybrids are produced through embryo rescue technique. The F 1 hybrids are completely male sterile. When backcrossed as females with the cultivated parent, a few seeds are obtained which result from unreduced female gametes and the BC 1 plants are thus triploid. These 3n plants have two genomes of O. sativa and one genome of wild species. These triploid plants are also male sterile but produce functional female gametes with complete genome of cultivated rice and variable number of extra chromosomes of wild species. Upon backcrossing with cultivated rice they produce BC 2 progeny with 2n, 2n+1, 2n+2, 2n+3 and even higher number of extra chromosomes. Plants with 25 chromosomes (e.g., having complete chromosome complement of O. sativa and a single chromosome of wild species) represent monosomic alien addition lines or MAALs. Jena and Khush (1989) identified twelve MAALs from a cross of O. sativa and O. officinalis corresponding to twelve chromosomes of the complement. These MAALs had diploid chromosome complement of O. sativa and a single chromosome of O. officinalis.
These MAALs had a striking resemblance to the primary trisomics of O. sativa. Like primary trisomics they differed from each other as well as from the normal disomics in several morphological and reproductive features. All had a slower growth rate. MAAL1 (monosomic alien addition line for chromosome 1) and MAAL8 were easily identified at seedling stage: the former had narrow, light green, droopy leaves; the latter had narrow, dark green, rolled leaves. MAALs 2, 3, 5, 6, 7, 9 and 12 were easily distinguished at maximum tillering stage. MAALs 4, 10 and 11 could be identified only a flowering stage. MAAL2 was short and MAAL4 was taller with a spreading growth habit. MAAL6 had spikelets with long awns. MAAL7 and MAAL11 had a red pericarp, a trait inherited from O. officinalis. Similarly, MAAL4 inherited black hull from O. officinalis. MAAL4 had the longest ligule followed by MAAL10. The shortest ligule was observed in MAAL1. The pollen and spikelet fertility of MAALs was low and MAAL3 was completely sterile. The modal chromosome pairing in MAALs was 12 II +1 I . Rarely 11 II +1 III were observed in a few pollen mother cells of MAAL3. Transmission rates of alien addition chromosomes through the female were fairly high. MAALs 4, 10 and 12 showed the highest transmission whereas MAALs 1, 3 and 5 had the lowest transmission rates.
MAALs of O. sativa having single alien chromosomes of O. officinalis were also established by Shin and Katayama (1979) . The complete set of MAALs of O. sativa having single alien chromosomes of O. punctata (W1514) was developed by Yasui and Iwata (1991) . Multani et al. (1994) produced eight alien addition lines of O. australiensis and 11 alien additional lines of O. latifolia (Multani et al. 2003) . In addition, Brar and Khush (2002) identified MAALs of three other wild species.
The MAALs are very useful both in transferring genes of economic importance from wild species to cultivated rice and in locating alien traits to specific chromosomes of wild rice relatives. For instance, alleles for sterility were assigned to chromosome 12 of O. punctata after comparing primary trisomics and MAALs of the wild rice in the background of japonica cultivar Nipponbare for spikelet fertility (Fig. 1) . Both Nipponbare (disomic) and triplo 12 exhibited high spikelet fertility. In contrast, MAAL 12 was completely sterile. The contrasting phenotypes for sterility of triplo 12 and MAAL 12 clearly indicate that the genes controlling seed sterility are present on chromosome 12 of O. punctata. The genes from other chromosomes of O. punctata except chromosome 12 can be transferred to japonica cultivars.
The established rice MAALs in the indica and japonica genetic background with available seeds are listed in Table 2 . These genetic stocks including the primary trisomics can be obtained from the Plant Breeding, Genetics and Biotechnology Division, International Rice Research Institute (IRRI) and Plant Breeding Laboratory, Faculty of Agriculture, Kyushu University while related information is accessible in the Oryzabase (http://www.shigen.nig.ac.jp/rice/oryzabase/ top/top.jsp). 8 4, 5, 6, 7, 8, 9, 10, 11, 12, Brar and Khush (2002) PBGB, IRRI O. latifolia CCDD 11 1, 2, 4, 5, 6, 7, 8, 9, 10, 11, 12 Multani et al. (2003) PBGB, IRRI a Seeds are available from PBGB, the Plant Breeding, Genetics and Biotechnology Division, International Rice Research Institute (IRRI), or from NBRP through the rice genome database "Oryzabase" (http://www.shigen.nig.ac.jp/rice/oryzabase/top/top.jsp). 
